Human clinical neurofibromatosis type 1 (NF1) and type 2 (NF2) result from mutations and inactivation of neurofibromin and merlin genes, respectively, which negatively regulate Ras pathways. To evaluate the contribution of N-Ras activity to the development of NF, we generated a novel transgenic mouse expressing oncogenic N-ras specifically in central nerve cells, neural crest-derived cells and lens epithelial cells. Soon after birth, the mouse skin showed hyperpigmentation of the epidermis and melanin-laden macrophages in the dermis, as observed in the cafe´-au-lait spots of human cases. At 3 months of age, all the mice had neurofibromas in the skin and neurofibroma-like tumors with structure similar to WagnerMeissner bodies in the adrenal medulla. At 4 months of age, all the mice developed subcapsular cataract. In the 5th month, some developed protruding dermal neurofibromas involving subcutaneous fat. However, plexiform neurofibroma, schwannoma, astrocytoma and pheochromocytoma were not observed in the mice, suggesting a requirement for signal(s) other than the activated N-Ras pathway to induce these tumors. Thus, the activated N-Ras signal may be a main pathway for the development of the disease phenotypes characteristic of NF.
Introduction, results and discussion
Neurofibromatosis type 1 (NF1) and type 2 (NF2), which affect one in 3500 and one in 30 000À42 000 individuals, respectively, are autosomal-dominant inherited diseases, and their pathological origins are neural and neural crest-derived cells (reviewed in Enzinger and Weiss, 1988; Evans et al., 2000; Reed and Gutmann, 2001 ). Patients have a propensity for developing both benign and malignant tumors, and characteristic pigment abnormality. NF1 is associated with mutations causing loss of function of the neurofibromin gene, the product of which is one of the Ras GTPase-activating proteins (Ras-GAPs) that downregulate Ras signaling (Buchberg et al., 1990; Basu et al., 1992) . NF2 is associated with mutations in the merlin gene. Merlin is a member of the ERM (ezrin, radixin and moesin) family of cytoskeleton-membrane linker proteins (Sato et al., 1992) . Its function is not fully understood; however, studies have demonstrated that merlin negatively regulates Ras pathways (Tikoo et al., 1994; Ikeda et al., 1999; Morrison et al., 2001; Lim et al., 2003; Chadee et al., 2006) .
To establish animal models for NF1 and NF2, conventional and conditional knockout strategies for the genes have been tried, but neither the development of dermal neurofibromas nor pigment abnormality has been reported (McClatchey et al., 1997; Lakkis et al., 1999; Giovannini et al., 2000; Bajenaru et al., 2002; Zhu et al., 2002) .
In NF1 patient-derived malignant schwannoma cell lines, N-Ras is expressed and activated to a greater extent than H-and K-Ras (Mattingly et al., 2006) , suggesting that N-Ras plays a distinctive role in the pathogenesis. Therefore, we examined the significance of N-Ras activation in NF.
We generated a Cre transgenic mouse line, CAMK2-Cre, using the 10 kb a-calcium-calmodulin-dependent kinase II (aCAMK2) gene promoter region to drive Cre recombinase expression (Figure 1a and b) . To determine the distribution and efficiency of the Cre/loxP recombination, CAMK2-Cre mice were mated with LacZ reporter mice, LacZ-#1 (Saito et al., 2005) . Positive staining was detected specifically in the central nervous system, lens and mainly trunk neural crest-derived cells/tissues; melanocytes, dorsal root nerves, Schwann cells, adrenal medulla and outflow tract of the heart (Figure 1d-k) . We generated three independent mice, flox-NrasG12V
Tg/ þ -#1, -#2 and -#3, with a construct pCAG-XstopXNrasG12V-IRES-NLLacZ (Figure 1a and b) . NrasG12V expression in the affected tissues of the CAMK2-Cre Tg/ þ ; flox-NrasG12V Tg/ þ mice was verified by Western blot analysis (Figure 1c ). The expression patterns were monitored by LacZ expression, and they were same as in CAMK2-Cre Tg/ þ ; LacZ-#1 Tg/ þ mice (Figure 1l -o, and data not shown). The pathogenic phenotypes of CAMK2-Cre Tg/ þ ; flox-NrasG12V Tg/ þ -#1, -#2 and -#3 mice were indistinguishable despite different integrated copy numbers and chromosomal locations (Figure1b, and data not shown). Here, we describe data using CAMK2-Cre Tg/ þ ; flox-NrasG12V Tg/ þ -#1 mice.
CAMK2-Cre
Tg/ þ ; flox-NrasG12V Tg/ þ mice exhibited hyperpigmented skin throughout life (Figures 2b, 3b and c). Histological analyses revealed hyperpigmentation of the epidermis, corresponding to the cafe´-au-lait macules of human NF1 and NF2. Epidermal melanocytes of CAMK2-Cre þ / þ ; flox-NrasG12V Tg/ þ (control) mice were not pigmented, but those in the affected skin (For caption see next page) Neurofibroma and pigmentary abnormality in the NF model H Saito et al were pigmented (data not shown; see Figure 2c and d). However, melanocyte density in the affected epidermis, 3.5% of epidermal cells, was unchanged in comparison with that in the control epidermis, 3.4%, suggesting no melanocyte hyperplasia in the affected skin. Macrophages with melanin pigment in the dermis increased in number (Figure 2f and g). The overall architecture of the skin was normal until 8 weeks after birth (Figures 2f, 3e and h). At 3 months, the skin of the ear, leg and tail become more hyperpigmented and thickened with unevenness of the surface ( Figure 3c , and data not shown). Histology demonstrated diffuse neurofibromas replacing the dermis and permeating the subcutaneous tissue ( Figure 3f and i, and data not shown). The tumor was composed of elongated cells with ovoid to spindle nuclei, and showed positive labeling for S100 (Figure 3j and k, and data not shown). As in human NF, a large number of mast cells were infiltrated in the tumor (Figure 3l and p). Furthermore, in the adrenal medulla, S100-negative neurofibroma-like tumor arose along with corpuscular structures similar to Wagner-Meissner bodies ( Figure 3t and u, and data not shown). Figure 1 Generation of transgenic mice. (a) Schematic representation of constructs, pCAG-XstopX-NrasG12V-IRES-NLLacZ and pCAMK2-Cre for the generation of flox-NrasG12V and CAMK2-Cre mice, respectively. 0.5 kb human NrasG12V, 0.5 kb internal ribosomal entry site and 3.5 kb LacZ gene with nuclear localizing signal were inserted into PmeI site of pCAG-XstopX-polyA (Saito et al., 2005) . A 10 kb a´CAMK2 gene promoter region fragment screened in a 129/SvJ mouse liver Lambda DASH II genomic library (Stratagene, LA Jolla, CA, USA), cre recombinase gene with nuclear localizing signal and 2 kb polyA signal were ligated into EcoRV site of Bluescript II SK (À) (Stratagene). Founders were produced by pronuclear injection of the linearized transgenes as described (Hogan et al., 1994) . (b) Integration of transgenes was determined by Southern blotting using LacZ and Cre probes depicted in Figure 1a . Three independent flox-NrasG12V (-#1, -#2 and -#3) and one CAMK2-Cre mice were generated. The flox-NrasG12V-#1, -#2 and -#3 had approximate 2, 10 and 5 copies of the transgene, respectively. All animals were taken care of according to the ethical guidelines established by the Institutional Animal Care and Use Committee at Mie University. (c) Western-blot analysis of NrasG12V expression in total protein from the ear of 3-month-old CAMK2-Cre Tg/ þ ; flox-NrasG12V-#1 Tg/ þ and control mice, was performed as described (Tsumura et al., 2006) . The antibodies used were: mouse anti-Pan-RasG12V (1 mg/ml, EMD Bioscience Inc., San Diego, CA, USA); mouse anti-Pan-Ras antibodies (2.5 mg/ml, EMD Bioscience Inc.); Horseradish peroxidase (HRP)-conjugated goat anti-mouse antibodies (1:2000, Chemicon, Temecula, CA, USA). (d-k) Whole-mount LacZ staining (d, f, h and k) and sectioned paraffinembedded samples (e, g, i and j) of CAMK2-Cre Tg/ þ ; LacZ-#1 Tg/ þ mice at 11.5 days post-coitus (pc) (d), 18.5 days pc (e-j) and 6 weeks (k). Melanocyte-specific marker protein (TRP2) and LacZ double-stained section of skin (g). The cells indicated by arrows were TRP2 and LacZ double positive. Neurofilament protein and LacZ double-stained section of trunk (i). The antibodies used were: rabbit anti-TRP2 (1:400, provided by V Hearing; Tsukamoto et al., 1992) ; mouse anti-neurofilament protein (1:100, Dako, Glostrup, Denmark); HRP-conjugated goat anti-rabbit IgG (1:200, Chemicon); HRP-conjugated goat anti-mouse IgG (1:400, Chemicon). b-Galactosidase activity was detected at central nerves and neural-crest derived tissues in head (d), lens (e), skin (f and g), trunk (h and i), adrenal (j) and out flow tract of heart (k). Arrows indicate melanocytes (f and g) and basement area of pulmonary artery (k). Arrowheads indicate Schwann cells of dorsal root nerve (i) and portion of aortic arch (k). (l-n) Whole-mount (l and m) and sectioned paraffin-embedded LacZ-stained embryo through neural tube and dorsal root ganglia (arrow) (n) of a CAMK2-Cre Tg/ þ ; flox-NrasG12V-#1 Tg/ þ mouse at 11.5 days pc. (o and p) Coronal section of LacZ-stained brain of CAMK2-Cre Tg/ þ ; flox-NrasG12V-#1 Tg/ þ (o) and control mice (p) at 6 weeks. Histological analyses were performed as described (Saito et al., 2005) . Abbreviations: ep, epidermis; dm, dermis; ac, adrenal cortex; am, adrenal medulla; r, retina; pa, pulmonary artery; ao, aorta; H, HindIII and EV, EcoRV. Scale bar, 1.0 mm for d, k, m, o and p; 100 mm for e, j and n; 50 mm for g and i; 25 mm for f. Tg/ þ mouse, revealing intracytoplasmic melanin pigmentation and tyrosinase activity, respectively. DOPA reaction was carried out as described (Kunisada et al., 2000) . Arrowheads indicate melanin-accumulated melanocytes. (e-g) Hematoxylin-eosin-stained paraffin section of back skin of control (e) and CAMK2-Cre Tg/ þ ; flox-NrasG12V-#1 Tg/ þ mice (f and g). Arrows indicate melanin-accumulated hair bulbs. Arrowheads indicate melanin-laden macrophages. Samples were taken at 4 weeks. Scale bar, 100 mm for e and f; 50 mm for g; 12.5 mm for c and d.
Neurofibroma and pigmentary abnormality in the NF model H Saito et al Tg/ þ ; flox-NrasG12V-#1 Tg/ þ mice (t and u). The boxed area in t is magnified in u. Arrows indicate structures similar to Wagner-Meissner bodies (t). The antibodies used were: mouse anti-S100 (1:200, Chemicon); HRP-conjugated goat anti-mouse IgG (1:400, Chemicon). Abbreviations: ac, adrenal cortex; am, adrenal medulla. Scale bar, 100 mm for d-i, l, s and t, and 50 mm for j, k, n-r and u.
Neurofibroma and pigmentary abnormality in the NF model H Saito et al
At 4 months, all mice developed subcapsular cataract, as observed in 60-80% of human NF2 patients. The lens cells showed an irregular shape (Figure 4c and d) . However, lens abnormality was not detectable at the early developmental and neonatal stages despite oncogenic N-Ras expression (Figure 4a and b) , suggesting that mutations and/or epigenetic modifications in other genes are needed for the cataract development. Although the optic nerve was normal, neurofibromas appeared in the ocular peripheral nerves around the optic nerve (Figure 4e and f) . At 5 months, 22% of the mice (3/14) had protruding masses of neurofibromas, mainly on the back (Figure 3m) . No pigmentation and no signals in three melanocyte/melanoma-specific stains, L-3,4-dihydroxyphenylalanine (DOPA) reaction, Fontana-Masson and tyrosine-related protein 2 (TRP2) immunostaining, ruled out the possibility that the tumor cells are melanoma/melanocyte hyperplasia (Figure 3n , o, q and r).
In this study, we demonstrated that oncogenic N-Ras, specifically expressed in nerve and neural crest-derived cells, causes pigmentary abnormality and neurofibromas of the skin, as in human NF. However, plexiform neurofibroma, schwannoma, astrocytoma and pheochromocytoma were not detected. We speculate that the induction of latter tumors may need H-Ras and/or K-Ras constitutive activation other than or concurrently with oncogenic N-Ras expression in pre-tumor cells and/or a Ras-active microenvironment. In human studies, all three distinct ras genes, N-, H-and K-ras, are simultaneously active in the affected and nonaffected cells. It is well known that the three ras genes have specific functions. For example, activated alleles of N-, H-and K-Ras transform NIH3T3 and Rat1 cells with varying potencies (Voice et al., 1999) . K-Ras, but not N-or H-Ras, is essential for mouse embryogenesis (reviewed in Malumbres and Pellicer, 1998) . Zhu et al. (2002) demonstrated that the tumor microenvironment is important in the pathogenesis of the NF1 mice model.
Nf1
-/-Schwann cells induce plexiform neurofibroma in an Nf1 -/ þ background, but not in an Nf1 þ / þ wild-type background.
CAMK2-Cre Tg/ þ ; flox-NrasG12V Tg/ þ mice did not develop any distinct morphological abnormalities (Figure 1o , and data not shown) or tumorigenesis in the central nerves and did not generate melanoma/ melanocyte hyperplasia in the skin despite oncogenic N-ras expression, suggesting that these malignances need a deregulated signal(s) other than the RAS pathway. For example, the p53 deficiency is important in melanoma generation in cooperation with the RAS/ RAF pathway (Patton et al., 2005) . In addition, the mice did not show deafness, which is one of the prominent features of NF2 (reviewed in Evans et al., 2000) , because they displayed Pryer's reflection on a simple metallic clank or handclap. Further studies are needed to conclude whether or not there are a subtle impairment in the auditory brainstem response and a learning abnormality seen in 30-65% of children with NF1 (reviewed in North, 2000) .
In conclusion, the CAMK2-Cre Tg/ þ ; flox-NrasG12V
Tg/ þ mice mimic two main symptoms of human NF1 and/ or NF2, pigmentary abnormality and dermal neurofibromas, which were not observed in the models reported previously. The activated N-Ras signal may be a main pathway for the pathogenesis of NF. (e and f) Hematoxylin-eosin stained (e) and S100-imunostained (f) section of LacZ-stained eye of a CAMK2-Cre Tg/ þ ; floxNrasG12V-#1 Tg/ þ mouse at 4 months. Abbreviation: on, optic nerve. Scale bar, 200 mm for e and f; 50 mm for b and d.
